Persistent activity of protein kinase M (PKM), the truncated form of protein kinase C (PKC), can maintain long-term changes in synaptic strength in many systems including the hermaphrodite marine mollusk, Aplysia californica. Moreover, different types of long-term facilitation (LTF) in cultured Aplysia sensorimotor synapses rely on the activities of different PKM isoforms in the presynaptic sensory neuron and postsynaptic motor neuron. When the atypical PKM isoform was required, the kidney and brain expressed adaptor protein (KIBRA) was also required. Here, we explore how this isoform specificity is established. We find that PKM overexpression in the motor neuron, but not the sensory neuron, is sufficient to increase synaptic strength and that this activity is not isoform specific. KIBRA is not the rate-limiting step in facilitation since overexpression of KIBRA is neither sufficient to increase synaptic strength, nor to prolong a form of PKM-dependent intermediate synaptic facilitation. However, the isoform specificity of dominant negative (DN)-PKMs to erase LTF is correlated with isoform specific competition for stabilization by KIBRA. We identify a new conserved region of KIBRA. Different splice isoforms in this region stabilize different PKMs based on the isoform-specific sequence of an alpha-helix 'handle' in the PKMs. Thus, specific stabilization of distinct PKMs by different isoforms of KIBRA can explain the isoform specificity of PKMs during LTF in Aplysia. 3 
Introduction
The long-term changes in synaptic strength that underlie memory can be maintained through persistently active kinases (Greenberg et al., 1987; Lisman, 1994; Sacktor, 2011; Sossin, 2018) .
One such kinase is PKM, the truncated form of PKC. PKCs are classified into three familiesconventional, novel, and atypical-which differ mainly through the structure of their regulatory domain (Sossin, 2007) . Despite not having a regulatory domain, PKMs are similarly classified.
While much attention has been given to the role of the atypical PKMζ in memory maintenance (Sacktor, 2011) ,the fact that the catalytic domains of PKC/PKM families are similar in structure suggests that additional PKM isoforms may perform similar functions. PKMζ knock-out mice, for example, are phenotypically normal due to compensation by the closely related iota isoform (Tsokas et al., 2016) . While overexpression of PKMζ is sufficient to both increase synaptic strength (Yao et al., 2008) and to strengthen memory (Shema et al., 2011) , the isoform specificity of this ability has not been explored.
In Aplysia californica, PKM isoforms from different families are important for the maintenance of distinct forms of synaptic plasticity. The conventional, novel, and atypical PKM families are represented by PKM Apl I, PKM Apl II, and PKM Apl III, respectively Sossin, 2007) . A DN approach suggested that, in the postsynaptic neuron, PKM Apl I is required for the maintenance of non-associative LTF, while PKM Apl II and PKM Apl III are required for the maintenance of associative LTF (Hu et al., 2017a; Hu et al., 2017b) . Because associative and non-associative LTF can co-exist in one postsynaptic cell (Hu et al., 2017b) , the cell must have some way of targeting different PKM isoforms to different synapses that underlie these forms of LTF. We propose stabilization by KIBRA as a mechanism through which PKM isoform specificity is achieved.
KIBRA has been implicated in human episodic memory in a number of genome-wide association studies (Milnik et al., 2012; Papassotiropoulos et al., 2006) , and co-localizes with and stabilizes the mammalian PKMζ (Vogt-Eisele et al., 2014; Yoshihama et al., 2009) . KIBRA regulates AMPA receptor trafficking and is required for late long-term potentiation (LTP) and some forms of memory in rodents (Heitz et al., 2016; Makuch et al., 2011; Vogt-Eisele et al., 2014) . In Aplysia, KIBRA stabilizes overexpressed PKM Apl II and PKM Apl III, but not PKM Apl I (Hu et al., 2017b) .
KIBRA-AAA in which the three residues found to be essential for PKMζ binding were mutated (Vogt-Eisele et al., 2014) did not stabilize PKM Apl III (Hastings et al., 2018; Hu et al., 2017b) and erased the forms of LTF blocked by DN PKM Apl III (Hu et al., 2017b) , but did stabilize PKM Apl I and did not erase the forms of LTF blocked by DN PKM Apl I. However, whether DN PKMs act by competition for KIBRA is unclear and indeed, in vertebrates, KIBRA is unable to bind a catalytically inactive form of PKMζ (Vogt-Eisele et al., 2014) and the DN PKMs used in Aplysia are catalytically inactive (Bougie et al., 2012) .
Here, we explore the sufficiency of PKMs and KIBRA to increase synaptic strength and the role of KIBRA in determining isoform specificity of PKMs. Overexpression of PKMs in the motor neuron, but not the sensory neuron, increased synaptic strength. Unlike PKMs, KIBRA is not sufficient to increase synaptic strength when overexpressed in the motor neuron. However, DN PKMs competed for isoform-specific stabilization by KIBRA and alternatively spliced forms of KIBRA stabilized specific isoforms of PKM based on the sequence in their alpha-helix 'handle' domain. Thus, isoform specificity of PKMs is explained by differential stabilization by KIBRA isoforms.
Materials and Methods

Aplysia cell culture:
Aplysia californica from Miami Aplysia Resource Facility (RSMAS) or from Alacrity marine biological services (Redondo Beach CA, USA) were anesthetized via injection of 50-60 mL of 400 mM isotonic MgCl 2 and abdominal and/or pleuropedal ganglia were removed. Ganglia were digested at 19°C in L15 media containing 10 mg/ml Dispase II (Roche Diagnostics) for 18-19 h or for experiments from animals from Alacrity at 35°C for 2 h. L15 medium (Sigma-Aldrich) was supplemented with 0.2 M NaCl, 26 mM MgSO 4 , 35 mM dextrose, 27 mM MgCl 2 , 4.7 mM KCl, 2 mM NaHCO 3 , 9.7 mM CaCl 2 , and 15 mM HEPES, with pH 7.4. Glass bottom culture dishes were coated with 0.05% poly-L-lysine for 1-2 h and washed with ddH 2 O prior to use. Sensory neurons and LFS motor neurons were isolated from pleural and abdominal ganglia respectively that were dissected from adult Aplysia (60-100g)and L7 motor neurons were isolated from the abdominal ganglia of juvenile animals (2 g). Neurons were cultured in 50% hemolymph/50% L15 media supplemented with L-glutamine. For electrophysiology experiments, motor neurons were removed from the abdominal ganglia and allowed to adhere to the culture dish for 1-24 h before pairing with a sensory neuron from pleural ganglia as previously described (Zhao et al., 2006) . Note that each coculture comprised a single presynaptic sensory neuron paired with a single postsynaptic motor neuron (either an LFS or an L7 neuron). Cells were incubated for 48 h at 19°C (SN-LFS) to allow time for them to adhere to the dish prior to injection or for 96 h at 19°C (SN-L7) to allow time for the formation of stable synapses (Hu and Schacher, 2015; Hu et al., 2017a Hu et al., , 2017b . All plating, injections, and electrophysiology experiments were performed at 19°C, except for experiments using animals from Alacrity which were performed at room temperature.
Plasmid constructs and microinjection:
All constructs were made in the pNEX3 vector (Kaang, 1996) and for all vector experiments pNEX3 plasmid was used. All PKM constructs were made as fusion proteins with monomeric red fluorescent protein (mRFP), while PKC Apl I was a fusion protein with enhanced green fluorescent protein (eGFP). The mRFP or eGFP has been removed from the construct names for clarity. Dominant negative constructs (DN PKM Apl I, DN PKM Apl II, and -DN PKM Apl III) and
PKCs/PKMS used for overexpression and stabilization studies (PKC Apl I, PKM Apl I, PKM Apl II and PKM Apl III) were previously described (Bougie et al., 2012; Farah et al., 2017; Hu et al., 2017a) . The new DN PKM Apl III K-R was generated by cutting out this region from the plasmid encoding PKC Apl III K-R (Bougie et al, 2012) with AarI and SalI and inserting into the plasmid encoding PKM Apl III plasmid at the same sites. For the chimeras, GBLOCKS (Integrated DNA technology, IO, USA) were purchased with the PKM Apl III sequences [carboxy-terminus (CT) or handle] replaced by PKM Apl I sequences. These were then cut out with either BsmBI and Kpn I(CT) or Sal I and Kpn I (handle) and inserted into the plasmid encoding PKM Apl III at the same sites. The chimeras were sequenced for confirmation. Plasmids encdoding KIBRA and KIBRA-AAA were previously described (Hu et al., 2017b) and are not fusion proteins with a fluorescent protein. The KIBRA splice form, KIBRA SPL, was generated similarly to KIBRA but from a separate PCR clone that fortuitously encoded the splice form (Hu et al., 2017b) . For stabilization experiments, molar equivalent levels of plasmids encoding KIBRA/KIBRA SPL/KIBRA-AAA and the PKMs/DN PKMs were used. A solution containing the desired constructs (max 0.4 ug/ul of DNA in ultrapure water) with 0.2% fast green were microinjected into the nuclei of neurons using back-filled glass micropipettes. A short pressure pulse was delivered to release plasmid solution into nucleus. KIBRA and enhanced green fluorescent protein (eGFP) were injected into the LFS neuron of sensorimotor cocultures for ITF experiments. KIBRA was co-expressed with an eGFP construct so that expression could be confirmed by detecting eGFP fluorescence.
Stabilization experiments were performed by injecting constructs into isolated sensory neurons.
For PKM overexpression assays in sensorimotor cocultures, the constructs were injected after monitoring EPSP amplitudes on day 0. Injection into L7 motor neurons was performed as previously described (Hu et al., 2017b) . Cultures were incubated at 19 ºC for 24 h to allow sufficient time for expression of injected plasmids prior to imaging.
Electrophysiology:
For sensorimotor cocultures containing L7 motor neuron, the amplitude of the excitatory postsynaptic potential (EPSP) was recorded as previously described (Hu et al., 2017b) . The assignment of any culture to control and experimental groups at the start of each experiment on day 4 (defined as day 0 in Results, Figure 1 and Figure 3 ) was to ensure that there were no significant differences in the synaptic strength between the groups before treatments.
Sensorimotor cocultures containing LFS motor neurons were incubated in culture media at room temperature for 24 h following microinjection to allow sufficient time for expression of injected plasmids before electrophysiological recordings. Prior to recording, culture media was replaced with a recording saline [NaCl (460 mM); MgCl 2 (55 mM); CaCl 2 (10 mM); KCl (10 mM); D-Glucose (10 mM); HEPES (10 mM); pH 7.6]. Membrane potentials were recorded and controlled in current clamp mode with sharp intracellular electrodes attached to an Axoclamp 2B amplifier (Molecular Devices, Palo Alto, California). Microelectrodes (15-30 MΩ) were backfilled with 2 M potassium acetate and bridge-balanced before and after membrane penetration. The postsynaptic cell was impaled first, so that if entry into the presynaptic cell resulted in generation of an action potential, the resultant postsynaptic potential (PSP) would be recorded. Injection of hyperpolarizing current was used to keep both presynaptic and postsynaptic neurons at -80 mV during recording. Postsynaptic input resistance was measured with 500 msec, -0.5 nA pulses. For ITF experiments, electrodes were removed from cells after initial recording and 5HT (10 µM) was added for 10 min before being washed out with 25 ml recording saline solution. Cultures were left at 19ºC for 2 hours, at which time the second recording was performed. Initial PSP rise-rate was measured as previously described (Dunn and Sossin, 2013) . For PKM overexpression experiments ( Figure 1 ), EPSP amplitudes were measured prior to microinjection (day 0 = 96 h after cell plating to insure stable synapses), and again on days 1, 3, and 5 as described (Bougie et al., 2012; Hu et al., 2017a) . The kinetics of homosynaptic depression (HSD) were monitored on day 1 by homosynaptic stimulationstimulating the sensory neuron with low frequency stimulation (one action potential every 20 seconds; 6 stimuli in total) (Hu et al., 2017b) . The motor neuron was maintained at -80 mV during the stimulation to accurately record the amplitude of each EPSP. The initial EPSP amplitude evoked by the first stimulus was normalized as 100%.
Immunocytochemistry:
Cultured cells were fixed with 4% paraformaldehyde + 30% sucrose in PBS for 30 min and washed with PBS. Fixed cells were permeabilized (0.1% Triton X-100 with 30% sucrose in PBS for 10 min) and free aldehydes were quenched (50 mM ammonium chloride for 10 min, followed by four PBS washes). Cells were incubated with 10% normal goat serum (Sigma) + 0.5% Triton X-100 in PBS for 30 min to block nonspecific antibody binding. Cells were then treated with PKC Apl III antibody in blocking solution (1:5000) for 1 h, followed by five PBS washes (10 min each). Cells were then incubated with Alexa Fluor 647-conjugated donkey antirabbit antibody in blocking solution (1:500, Invitrogen) for 1 h in darkness and washed with PBS as described above.
Imaging and image analysis:
Images were captured by an LSM 710 (Zeiss) laser confocal scanning microscope equipped with an Axiovert 100 inverted microscope (Zeiss) and a 40x, NA 1.4 objective. The eGFP, mRFP, and/or A647 images were acquired sequentially. Images for the expression of PKM constructs in sensorimotor cocultures were viewed with a Nikon Diaphot microscope attached to a siliconintensified target (SIT) (Dage 68; Dage-MTI) video camera. Fluorescence intensity (arbitrary units) was measured by the Microcomputer-Controlled Imaging Device (MCID) software package (Imaging Research). For analysis of DN PKM and PKM stabilization, single processes for each neuron were outlined using NIH Image J. Background fluorescence was subtracted from the fluorescence values measured. The red/green or cyan/green ratio for all neurons was normalized to the average ratio seen in vector-injected neurons from the same experiment. For most stabilization assays, a one-way ANOVA of the normalized ratio was performed with Tukey post hoc tests. When only two groups were present, a Student's T-test was used. If multiple comparisons were made for two groups (as in the experiments with chimeric PKMs), a Bonferonni correction for multiple tests was used. All quantification of stabilization was done blindly.
Evolution analysis.
Orthologues of KIBRA were determined using the reverse BLAST method as described below. Organisms with established genomes on NCBI were searched using BLAST, to identify proteins with homology to KIBRA. To distinguish between true orthologues and proteins with similar WW and C2 domains, these proteins were then used as a query in a BLAST search and if they are much more homologous to other proteins with WW and C2 domains than to KIBRA, they were rejected as orthologues. Based on this, no KIBRA orthologues exist in sponge (Amphimedon queenslandia), Trichoplax (Trichoplax adhaerens) and choanoflagellate (Monosiga bervicolis; Salpingoeca rosetta). KIBRA orthologues were found in other Cnidaria (Coral, Styklophora postillata and Acropora digitefara; jellyfish, Hydra vulgaris), but the strongest homology was to Anemone, Nemostella vectensis, and this Cnidarian was used in the comparison studies.
Behavioral training:
Adult Aplysia (80-120 g) were given 1 d of long-term sensitization training. The training consisted of 5 bouts of tail shocks delivered via implanted platinum wires. Each bout comprised three trains (train duration = 1 s) of shocks (10-ms pulse duration, 40 Hz, 120 V) spaced 2 s apart; the bouts of shocks were separated by 20-min intervals. Prior to the shocks, each animal was given three pretests, spaced 10-min apart, during which a brief, relatively weak tactile stimulus was applied to its siphon; the duration of the resulting siphon-withdrawal response (SWR) providing an index of sensitization. Forty-eight hours after the sensitization training, each snail was given a single test stimulus, and its SWR measured. Another group of snails were treated identically to the trained group, except that the tail shocks on day 1 were withheld. Animals that received the shock training exhibited a significantly prolonged SWR compared to animals that received only the test stimuli . Immediately after the 48-h test, the animals were anesthetized by immersion in cold (4°C) seawater, and their abdominal ganglia were dissected out and prepared for QRT-PCR.
QRT-PCR:
Total RNA was extracted from abdominal ganglia of trained and control (test alone) Aplysia using Trizol reagent following the manufacturer's instructions. cDNA was synthesized from 2 μg total RNA using qScript™ cDNA SuperMix, (QuantaBio) to a final concentration of 100 ng/μl. KIBRA primer pair sequences were used: forward "TGG AGA AAC TCC TGC AAG GCC A"; rev "ATT GCT GGC GTC TGC TAA CTC". Quantitative RT-PCR was performed using the ABI PRISM 7900 sequencing detection system (Applied Biosystems, Foster City, CA, USA) with SYBR green master mix under the following conditions: initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 65°C for 30 s, 72° 30 s. 5 μl SYBR, 3 μl H2O, 1 μl cDNA per reaction, each sample was run in triplicate. The data were quantified by the 2(-Delta Delta C(T))method (Livak and Schmittgen, 2001) . H4 was used as an internal control.
Results
Postsynaptic, but not presynaptic, overexpression of PKM is sufficient to produce a longlasting increase in synaptic strength
In vertebrates, overexpression of PKMζ is sufficient to increase synaptic strength when expressed in the postsynaptic neuron (Yao et al., 2008) . However, there have been no studies examining the isoform specificity of this effect or whether PKMs are sufficient to increase synaptic strength when overexpressed in the presynaptic neuron. Overexpression of any of the three Aplysia PKM isoforms in the postsynaptic motor neuron of Aplysia sensorimotor cocultures is sufficient to increase synaptic strength 24 h following injection compared to overexpression of mRFP alone ( Fig. 1A-C) . Continued expression of PKM Apl I or PKM Apl II is toxic while overexpression of PKM Apl III can maintain increased synaptic strength for a prolonged period ( Fig. 1A-C) . In contrast, none of the PKMs increased synaptic strength 24 h following injection when expressed in the sensory neuron ( Fig.1D-F) . Similar to the motor neuron, overexpression of PKM Apl I and PKM Apl II in the sensory neuron was toxic , but PKM Apl III was not ( Fig. 1D-F) . These results were obtained using the postsynaptic neuron L7 (gill withdrawal motor neuron), but similar results were seen for PKM Apl III in the presynaptic and postsynaptic neuron when LFS neurons (siphon withdrawal motor neurons) were used as the postsynaptic neurons (Fig. 2) .
Associative, but not non-associative LTF, attenuates HSD (Hu and Schacher 2015) . DN PKM Apl III erases associative LTF, but not non-associative LTF (Hu et al, 2017b) . However, overexpression of PKM Apl III in the postsynaptic neuron, while sufficient to increase synaptic strength, is not sufficient to attenuate HSD (Fig. 3A-C) . Since PKM expression in the sensory neuron is toxic ( Fig. 1D-F) , we determined the effect of overexpression of PKC Apl I in the sensory neuron. While this was not sufficient to increase synaptic strength or to attenuate HSD on its own, in conjunction with PKM Apl III expression in the motor neuron, attenuation of HSD was observed (Fig.3A-C) . Thus, the full expression of associative LTF requires kinase activity in both the pre-and post-synaptic neuron.
KIBRA overexpression is not sufficient to prolong ITF
Forms of facilitation that last longer than short-term facilitation but do not require transcription are termed intermediate facilitation (ITF) in Aplysia. There are different forms of ITF based on the stimulation, but massed ITF (m-ITF) is of particular interest as it requires cleavage of PKC Apl III to PKM Apl III since: (i) it is blocked by DN PKM Apl III, (ii) it is blocked by a DN form of the protease that cleaves PKCs to PKMs, DN classical calpain, and (iii) stimulation that induces m-ITF causes cleavage of a PKC Apl III FRET construct in the motor neuron (Bougie et al., 2012; Farah et al., 2017) . Despite the requirement for a PKM, this form of facilitation is transient (McCamphill et al., 2015; Sutton et al., 2002) . One hypothesis is that PKMs are made but not stabilized in the absence of KIBRA and thus transcriptional upregulation of KIBRA could be important for the prolongation of PKM activity and increases in synaptic strength. Indeed, KIBRA stabilizes PKM Apl III (Hu et al, 2017 ) and here we show that long-term behavioural sensitization in Aplysia resulted in an upregulation of KIBRA mRNA as measured by quantitative RT-PCR ( Fig. 4A) . To determine if increased levels of KIBRA are sufficient to maintain memories by stabilizing PKMs, we induced m-ITF in neurons expressing KIBRA. KIBRA did not, however, increase m-ITF at 2h after induction, a time in which m-ITF has decayed to baseline (McCamphill et al., 2015; Sutton et al., 2002) (Fig. 4B) . This was not due to an occlusion by KIBRA as there was no increase in basal synaptic strength in the KIBRA expressing neurons (control 35.99 ± 12.8 mV; KIBRA 30.31 ± 7.4 mV; unpaired t-test p = 0.6919).
Competition for stabilization by KIBRA accounts for isoform-specific effects of dominant negative PKMs
Since overexpression of any PKM in the motor neuron is sufficient to increase synaptic strength (transiently by PKM Apl I and PKM Apl II and persistently by PKM Apl III), how can distinct PKMs be required in the motor neuron for different forms of LTF when they are both expressed in the same post-synaptic neuron (Hu et al, 2017b) ? One possibility is isoform-specific stabilization at synapses by the adaptor protein KIBRA. Aplysia KIBRA stabilizes PKM Apl II and PKM Apl III, but not PKM Apl I (Hu et al, 2017b) . Similarly, DN PKM Apl II and DN PKM Apl III erase associative LTF when expressed in the motor neuron, as does a form of KIBRA (KIBRA-AAA) that does not stabilize PKM Apl III (Hu et al, 2017b) . Thus, DN PKMs may work by competing with endogenously produced PKMs for KIBRA-mediated stabilization. One issue with this proposal is the report that vertebrate KIBRA does not bind to catalytically inactive PKMs (Vogt-Eisele et al., 2014) and the DN PKMs used in this study are catalytically inactive. However, in Aplysia neurons, KIBRA stabilizes the DN PKMs ( Fig. 5A-B) . The pattern of stabilization between KIBRA and KIBRA-AAA was similar to that seen with catalytically active PKMs (Hu et al., 2017b )-KIBRA stabilizes DN PKM Apl III and DN PKM Apl II, whereas KIBRA-AAA stabilizes DN PKM Apl I. These DN PKMs were generated by a aspartate to alanine (D-A) mutationat the catalytic aspartic acid (Cameron et al., 2009 ) which receives priming phosphorylation (Bougie et al., 2012; Cameron et al., 2009) ; by contrast, the kinase dead mutant used in Vogt-Eisele et al, 2014-produced through the mutation of a lysine in the ATP binding pocket-results in a PKC that lacks priming phosphorylation (Cameron et al., 2009 ). However, PKM Apl III with a similar lysine mutation that also does not receive priming phosphorylation (Bougie et al, 2012) was also stabilized by KIBRA (Fig 5C-D) . Thus, in Aplysia, PKMs do not need to be catalytically active or have priming phosphorylation in order for KIBRA-mediated stabilization to occur.
KIBRA-AAA stabilizes PKM Apl II, but overexpression of KIBRA-AAA in the postsynaptic motor neuron results in a reversal of associative LTF (Hu et al., 2017b) suggesting that PKM Apl II is not involved in associative LTF. However, DN PKM Apl II was able to reverse associative LTF (Hu et al., 2017a) . One explanation for this discrepancy is that the overexpressed DN PKM Apl II is competing with endogenous PKM Apl III for KIBRA binding, resulting in a decrease in synaptic strength due to the destabilization of endogenous PKM Apl III. To test this specifically, we overexpressed PKM Apl III along with KIBRA or empty pNEX control and looked at whether concurrent overexpression of DN PKM Apl II affected KIBRA-mediated PKM Apl III stabilization.
We also overexpressed DN PKM Apl I to confirm that this competition for KIBRA binding is specific for DN PKM Apl II, as DN PKM Apl I is not stabilized by KIBRA (Fig. 5) . As both the DN constructs and the PKM Apl III construct were tagged with mRFP, we quantified PKM Apl III levels using a PKC Apl III C-terminal antibody ). Overexpression of DN PKM Apl I did not affect KIBRA's stabilization of PKM Apl III, whereas the stabilization of PKM Apl III in the presence of DN PKM Apl II was significantly reduced and indeed, not significantly different from the vector control (Fig. 6A-B) . This demonstrates that DN PKM Apl II is able to interfere with KIBRA's stabilization of PKM Apl III, supporting the hypothesis that the reversal of associative LTF when DN PKM Apl II is overexpressed in the motor neuron (Hu et al., 2017b) is due to competition with PKM Apl III for KIBRA-mediated stabilization and not the DN's influence on endogenous PKM Apl II.
A KIBRA splice variant stabilizes PKM Apl I but not PKM Apl III
The mutant KIBRA (KIBRA-AAA) is able to stabilize PKM Apl I when both are overexpressed in cultured sensory neurons, a stabilization that is not seen with the unmutated KIBRA (Hu et al., 2017b) . We hypothesized that this mutation led to a conformational change within the KIBRA protein that opened up a binding site for PKM Apl I. This suggests that the region of KIBRA that binds to PKMs/PKCs is not a peptide, such as a pseudosubstrate, but a domain. Indeed, examination of homology among KIBRAs over evolution reveals three homology regions: the WW domains, the C2 domain, and a third region beginning before the sequence identified as binding to PKMs and spanning approximately 200 amino acids. This region is strongly conserved in all three families of bilaterians (Fig. 7A) and shows around the same percent identity as the WW and C2 domains (Fig. 7B) . This region can also be identified in prebilaterians, such as the sea anemone Nematostella, but compared to the C2 and WW domains the new region is poorly conserved in pre-bilaterians (Fig. 7B) . Nevertheless, the amino acids required for PKMζ binding are still present in the prebilaterians (Fig. 7A) . Interestingly, KIBRA is not present in earlier prebilaterians (sponge and Trichoplax) that lack nervous systems (see Methods). In Aplysia, the new region also includes an alternative splicing event that is conserved throughout molluscs (Fig. 7A) . This region also contains two alternative inserts in human KIBRA, although not in the same location as the alternative splice insert in Aplysia (purple in Fig. 7A) . To determine if this splicing event could explain isoform specificity of KIBRA binding, we overexpressed a construct containing this splice variant (KIBRA SPL) and assessed the ability of this isoform to stabilize PKM Apl I and PKM Apl III in cultured Aplysia sensory neurons. KIBRA SPL does not stabilize PKM Apl III, but it does stabilize PKM Apl I, a pattern of stabilization identical to that of our KIBRA-AAA mutant (Fig.7C) . This suggests that production of this splice variant of KIBRA can lead to stabilization of the PKM Apl I isoform, which may be important for the maintenance of nonassociative LTF.
Isoform specificity is determined by the 'handle' helix of PKMs
The isoform specificity of stabilization by KIBRA between PKM Apl I and PKM Apl III must be due to specific sequence differences between the isoforms. We examined the catalytic domains of PKCs for conserved isoform specific differences (Fig. 8A ) that were available for binding based on the known crystal structures of these domains (Fig. 8B) . We chose the C-terminal (CT) region, already known to bind to proteins with PDZ domains such as PICK 1 (Wan et al., 2012) and an alpha-helical region (helix 5 or helix G in the catalytic domain structure) that appears as a handle in the crystal structures of PKMs (Fig. 8B) . We then made chimeras, exchanging these two regions (highlighted in green in Fig. 8A ) from the PKM Apl III sequence for the corresponding PKM Apl I sequence, generating PKM Apl III-CT PKM Apl I and PKM Apl III-handle PKM Apl I. We then examined the ability of KIBRA and KIBRA SPL to stabilize these chimeric PKMs. PKM Apl III-CT PKM Apl I behaved like PKM Apl III in that it was stabilized by KIBRA but not by KIBRA SPL (Fig. 8 C-D) . In contrast, when the handle region of PKM Apl III was replaced with the handle region of PKM Apl I, stabilization was similar to PKM Apl I-the chimera was stabilized by KIBRA SPL but not by KIBRA ( Fig. 8 C-D) . While the chimeras were expressed at lower levels than the wild type PKM Apl III (Fig. 8E) , the differential stabilization by the two KIBRA splice isoforms indicates that the level of expression does not explain the lack of stabilization. These results indicate that isoform specificity of PKMs is determined by the sequence in the handle helix.
Discussion
Sufficiency of PKMs for increasing synaptic strength
We investigated the isoform specificity and sufficiency of PKM in regulating synaptic strength by overexpressing distinct isoforms of PKM, presynaptically and postsynaptically. Postsynaptic, but not presynaptic overexpression of PKM was sufficient to increase synaptic strength independent of isoform identity. The lack of sufficiency of PKMs overexpressed in the presynaptic cell is surprising given the ability of activation of PKC in the sensory neuron to increase transmitter release (Ghirardi et al., 1992; Houeland et al., 2007; Manseau et al., 2001; Sugita et al., 1992; Zhou et al., 2014) . This includes an important role for cleavage of PKC Apl I to PKM Apl I in the presynaptic cell during activity-dependent ITF (Farah et al., 2017; Sutton et al., 2004) . It is possible that the sufficiency of PKM expression in the presynaptic cell to increase synaptic strength is masked by the toxic effects of overexpressing PKM Apl I or PKM Apl II. This toxicity is also seen in the motor neuron, but is delayed compared to the effects in the sensory neuron. Toxicity may be due to a role of PKMs in inducing apoptosis as cleavage of the novel PKC delta by caspases to form a PKM is proapoptotic in many systems (Reyland, 2007) . PKM Apl III overexpression is not toxic in either the sensory or motor neuron, despite a similar level of expression as judged by the mRFP level. This allows for the conclusion that PKM Apl III is sufficient in the postsynaptic cell, but not the presynaptic cell, and this result was replicated with two different motor neurons serving as the postsynaptic cell (Fig. 1,2) . Despite it not being sufficient to increase synaptic strength in the presynaptic sensory neuron, there is evidence that PKM Apl III is important for non-associative LTF in the sensory neuron. DN PKM Apl III erases non-associative LTF when expressed in the sensory neuron (Hu et al, 2017a) and presynaptic overexpression of a distinct DN form of PKC Apl III blocks non-associative LTF 48 and 72 h after induction (Fiumara et al., 2015) . Presynaptic overexpression of PKC Apl III, which leads to production of PKM Apl III , was not sufficient to increase synaptic strength, similar to the present study, but did lead to stronger non-associative LTF (Fiumara et al., 2015) . In conclusion, PKM Apl III in the sensory neuron is not sufficient to increase synaptic strength, but is required for mediating non-associative LTF. Whether PKM Apl I and PKM Apl II are sufficient to increase synaptic strength in the presynaptic sensory neuron could not be answered due to their toxicity.
Requirement for PKMs in both presynaptic and postsynaptic cell for associative LTF
While PKM Apl III postsynaptic overexpression is sufficient to increase synaptic strength, this is not sufficient to induce all the features of associative LTF. Associative LTF [which is induced by presynaptic activity in combination with 5HT application in Aplysia and is a cellular analogue of classical-conditioning (Buonomano and Byrne, 1990; Hu and Schacher, 2015) ] is characterized by a persistent increase in synaptic strength in conjunction with an attenuation of HSD kinetics (Hu and Schacher, 2015) ; we have shown that this same feature can be achieved by presynaptic overexpression of PKC Apl I in combination with postsynaptic PKM Apl III overexpression.
Moreover, presynaptic overexpression of DN PKMs and DN KIBRA-AAA is sufficient to reverse different types of LTF in an isoform specific manner (Hu et al., 2017a) . Thus, isoform specificity of PKMs extends to both the presynaptic and postsynaptic side of a synapse.
Failure of KIBRA overexpression to prolong m-ITF
While the ability of overexpressed PKM to increase synaptic strength suggests that simple stabilization of the PKM produced by m-ITF (Bougie et al., 2012; Villareal et al., 2009 ) by KIBRA should have led to increased synaptic strength, it is likely that the levels of PKM produced by stimulation are quite different from those produced through overexpression. Simply because large amounts of PKM are sufficient to increase synaptic strength does not necessarily mean that the amounts of PKM produced endogenously are sufficient to increase synaptic strength even when stabilized by KIBRA. Endogenous levels of PKM probably require interactions with other postsynaptic processes generated by LTF that are not induced by m-ITF to increase synaptic strength during LTF.
KIBRA asserts isoform specificity of PKMs
A weakness of dominant negative constructs is their possible lack of specificity, but this also allows investigators to probe functional aspects of the proteins examined. Overexpression of DN PKM Apl II in the postsynaptic neuron is sufficient to reverse associative LTF (Hu et al., 2017b ), suggesting that PKM Apl II may be important in the maintenance of this type of LTF. In the same paper, it was shown that KIBRA-AAA stabilizes PKM Apl II. One might assume, therefore, that overexpression of KIBRA-AAA in the postsynaptic neuron would not have an effect on associative LTF. However, this is not the case. KIBRA-AAA overexpression is sufficient to reverse associative LTF, suggesting that the ability of DN PKM Apl II overexpression to reverse associative LTF is the result of non-specificity of this construct. Here we explain this lack of specificity by demonstrating that DN PKM Apl II interferes with KIBRA-mediated stabilization of PKM Apl III. While our results are consistent with DN PKMs erasing LTF through competition for KIBRA binding, these experiments do not rule out that other interactions could also be important for the actions of the DN PKMs.
A new conserved region in KIBRA
Examination of KIBRA conservation over evolution demonstrates strong conservation of a 200 amino acid region. This region includes the amino acids previously determined to be required for binding to PKMζ (Vogt-Eisele et al., 2014) , and required for the stabilization of PKM Apl III; however, these residues are not required for stabilization of PKM Apl I (Hu et al., 2017b) . Along with its role in stabilizing PKMs and regulating AMPA receptor trafficking, KIBRA is also part of the Hippo signalling pathway important for the regulation of cell proliferation in development and in cancer (Genevet et al., 2010; Yu et al., 2010) . While KIBRA's role in this pathway is mainly to act as a scaffold to localize members of this pathway through its WW domains (Baumgartner et al., 2010; Xiao et al., 2011; Zhang et al., 2014) , several interactions have been localized to the C-terminal of the protein, including binding to Merlin and dimerization (Baumgartner et al., 2010; Wennmann et al., 2014) . These interactions may require this newly identified region.
How does KIBRA stabilize PKMs?
While the simplest model would be to assume that KIBRA-mediated stabilization is simply due to binding, this may not be the case. KIBRA stabilizes the large tumor suppressor kinase (Lats) as part of its role in the Hippo pathway, but this stabilization can be dissociated from Lats2 binding to KIBRA as binding requires the WW domains, but stabilization does not (Xiao et al., 2011) . It is possible that binding of PKMs to KIBRA may instead be involved in localization of the kinase.
There is evidence showing an association between KIBRA and AMPA receptors (Makuch et al., 2011) , as well as a general enrichment in the postsynaptic density (Johannsen et al., 2008) , suggesting the possibility that KIBRA may help localize PKMs to their synaptic targets in addition to their stabilizing effect. It is not clear if KIBRA splice isoforms show differential localization, or whether they have other distinct protein-protein interactions that play a role in isoform specificity.
We have identified features of PKM that are necessary for KIBRA-mediated stabilization.
Neither catalytic activity nor priming phosphorylation are required since KIBRA stabilized a DN PKM Apl III made through a K-R mutation that prevents priming phosphorylation (Bougie et al., 2012; Cameron et al., 2009 ). Switching of one alpha-helix, that in crystal structures resembles a handle, was sufficient to switch the specificity of stabilization by splice forms of KIBRA, suggesting that this is the key region of PKMs that determines isoform specificity. Interestingly, ICAP and zeta-stat, isoform specific PKC inhibitors, are targeted to this region. This region also may play a role in determining isoform-specific substrate specificity of PKCs (Soriano et al., 2016) .
Conclusions
In summary, PKMs have isoform-and synapse-specific roles in the maintenance of LTF. This isoform specificity may be achieved through selective stabilization by KIBRA. The isoform specificity of KIBRA-mediated stabilization of PKMs depends on the handle helix and is independent of catalytic activity of the kinase. These results contribute to our understanding of the mechanisms underlying memory maintenance as well as the synaptic differences among different types of synaptic plasticity that underlie distinct types of memory. , was 106% ± 13%, 154% ± 19%, and 90% ± 7%, respectively. A one-way ANOVA indicated that the overall group differences were significant (F[2,59] = 4.4, p = 0.02). SNK posthoc tests showed that the mean normalized EPSP in the PKM Apl III group was significantly higher than that in the mRFP and DN -PKM Apl III groups, as indicated by the asterisks (P < 0.05 for both comparisons). The difference between the mRFP and DN PKM Apl III groups was not significant. D) Overexpression of PKM Apl III in sensory neurons does not affect synaptic strength. Sample traces show EPSPs evoked in the LFS motor neuron before (pre) and 24h after (post) control and injections of constructs in the sensory neuron. The accompanying histogram is a summary of the change in the EPSP amplitudes. There was no effect of presynaptic overexpression of PKM Apl III. The mean normalized EPSP in the PKM Apl III group (n = 9, 6 independent experiments) and mRFP group (n = 9, 5 independent experiments) was 103% ± 17% and 111% ± 16%, respectively. percentage of the initial rise rate of the synapses measured. Rise-rate was not significantly different between groups (one-way unpaired t-test [ns, p = 0.7613]). The change in PSP at 2 h was similar between groups via unpaired t-test (ns, p = 0.4380). Initial postsynaptic input resistance and the change in postsynaptic input resistance was similar between groups (180.0 ± 27.4 MΩ uninjected and 177.9 ± 35.6 MΩ eGFP + KIBRA, P=0.9661 that changed to 92.4 ± 6.0 % and 78.6 ± 6.2 % respectively at 2h, p = 0.1448 compared with unpaired t-tests). Blue amino acids represent known important differences, a glycine in the ATP binding domain that partially explains the difference in ATP based inhibitors between atypical and classical PKCs and the carboxy-terminal phosphorylation site that is a glutamic acid in atypical PKCs. The sites mutated to form catalytically inactive dominant negatives are illustrated. The green residues are the amino acids removed from PKM Apl III and replaced by the green residues in PKM Apl I in the chimeras. B, Rotated structures of the human atypical PKC iota isoform (Messerschmidt et al., 2005) and classical PKC beta II isoform (Grodsky et al., 2006) 
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